In this issue of Neuron, Ashrafi et al. (2017) show that activity induces translocation of the insulin-regulated glucose transporter GLUT4 to the plasma membrane, where it sustains the ATP production required for synaptic vesicle cycling. However, translocation occurs from presynaptic membranes other than synaptic vesicles and involves a distinct molecular mechanism.
The nervous system integrates complex inputs to generate adaptive behavior, but the computation involved requires energy. This is illustrated most dramatically in the severe brain damage that follows even brief ischemia in the case of stroke or cardiac arrest. However, more subtle defects in energy production cause other neurological disorders. Mutations in Upon entry into the cell, engineered adenovirus results in the transcription of virus-encoded transgenes; it also triggers a cellular immune response that leads to the induction of scramblase (PLSCR1). Scramblase, together with flippase and other proteins, results in exposure of phosphatidylserine at the surface of the infected cell. Microglia recognize this change with the help of opsonins and TAM receptors, resulting in the removal-and killing-of infected cells.
mitochondrial DNA produce a wide range of maternally inherited disorders (muscle disease, seizures, stroke) with onset from early to mid-life. The proteins parkin and PINK1 promote the autophagic clearance of defective mitochondria, and mutations in the genes cause autosomal recessive Parkinson's disease, further supporting a role for energy production in neurodegeneration (Pickrell and Youle, 2015) .
What accounts for the particular dependence of brain activity on energy? Ion flux through channels requires mechanisms to maintain ionic gradients, but the synaptic vesicle cycle of regulated exocytosis followed by endocytosis appears particularly dependent on ATP (Rangaraju et al., 2014; Pathak et al., 2015) . Synaptic vesicle recycling is in fact the most sensitive, with endocytosis failing well before exocytosis. Indeed, this may explain the frequency of endocytic defects due to manipulations that cause neural degeneration-endocytosis provides a sensitive readout for injury.
The acute dependence of brain function on ATP production suggests that neural cells do not contain a large store of ATP they can draw from over extended periods. Together with the fluctuating demands of neural activity, this requires the adjustment of energy production to demand. Consistent with the need to regulate ATP production, excessive activity in the respiratory chain may indeed produce free radicals and oxidative stress that damage cellular constituents.
How do neural cells adjust ATP production to demand? Molecular motors control the delivery of mitochondria to the distal ends of neural processes including the axon, a process regulated by Ca 2+ and hence activity (Schwarz, 2013) . Recent work in C. elegans has also shown that hypoxia and activity recruit glycolytic enzymes to synapses, where they serve to maintain neurotransmission (Jang et al., 2016) . In previous work, the authors used a novel ATP sensor to show that with activity, ATP levels modestly decrease, but inhibition of glycolysis or oxidative phosphorylation produces a rapid, activity-dependent decline in ATP (Rangaraju et al., 2014; Pathak et al., 2015) . Under normal circumstances, activity thus regulates ATP production. Since glycolysis both generates ATP and provides substrates for the tricarboxylic acid (TCA) cycle, they further reasoned that glucose entry might be the critical, regulated event.
The regulation of glucose uptake by muscle suggested a mechanism to regulate ATP production in neurons. The glucose transporter GLUT4 is well known to respond to insulin by translocating to the plasma membrane. In muscle, however, GLUT4 translocation also responds to activity over an extended period lasting many minutes (Lauritzen et al., 2010) . Although this is not the major glucose transporter isoform in the nervous system, neurons express GLUT4, and presynaptic boutons contain endosomes that might serve as a reservoir for translocation.
The possibility that nerve terminals express a pathway for membrane recycling independent of the synaptic vesicle cycle is one of the fascinating aspects of this work. Presynaptic boutons contain abundant synaptic vesicles which appear quite homogeneous by morphology. They nonetheless differ functionally, with a recycling pool that responds to stimulation and a resting pool that may confer spontaneous release (Kavalali, 2015) . However, it has remained unclear whether these pools reflect differences in extrinsic factors such as cytoskeletal association, or intrinsic differences in molecular composition. In addition, there are relatively few endosomal membranes at the nerve terminal, but these have been proposed to serve as an intermediate in the pathway for clathrin-dependent synaptic vesicle regeneration after bulk endocytosis or the more recently described ultrafast endocytosis (Barysch et al., 2009; Kononenko et al., 2014; Watanabe et al., 2014) . There have been relatively few other functions ascribed to presynaptic endosomes, although presynaptic G protein-coupled receptors are well known to modulate transmitter release and to undergo ligand-dependent internalization at other sites. Ashrafi et al. (2017) now provide compelling evidence that presynaptic endosomes also serve as a reservoir for activity-dependent GLUT4 translocation to the membrane.
The authors first develop a pH-sensitive reporter for the cycling of GLUT4. Inserted into a lumenal/extracellular loop of a membrane protein, the ecliptic pHluorin is a GFP variant more sensitive to low pH and hence largely if not completely quenched at the low pH of synaptic vesicles and endosomes. Exocytosis exposes the pHluorin domain to external solution at higher pH and hence increases fluorescence of the fusion. Remarkably, Ashrafi et al. (2017) show that GLUT4-pHluorin responds rapidly to stimulation, and the increase in fluorescence is not simply due to the alkalinization of endosomes but to exocytosis, since low external pH quenches the fluorescence. Although more abundant in neurons, GLUT3 does not respond to stimulation, indicating specificity for GLUT4.
Since synaptic vesicles also respond rapidly to stimulation, the next question was whether GLUT4 localizes to synaptic vesicles. Using the pHluorin to measure lumenal pH, however, the authors found that GLUT4 resides on vesicles with a pH (6.1) slightly higher than synaptic vesicles (pH 5.5). In addition, only a fraction (20%) of the total presynaptic GLUT4 responds to stimulation, in contrast to the 40%-55% for a canonical synaptic vesicle protein. The retrieval of cell surface GLUT4-pHluorin, monitored by acidification after endocytosis, is also considerably slower than that of most synaptic vesicle proteins. However, it is important to note that these data are also consistent with mislocalization of the transfected GLUT4-pHluorin: most of the introduced protein might localize appropriately to endosomes with a somewhat higher pH, but a small fraction (20%) might nonetheless traffick to synaptic vesicles, which confer the regulated exocytosis; and the rate of internalization can vary among proteins that all derive from the same exocytic membrane, so this does not distinguish between synaptic vesicles and endosomes as the source of translocated GLUT4.
If translocated GLUT4 derives from membranes other than synaptic vesicles, then this might be expected to involve different exocytic machinery. Ashrafi et al. (2017) first expressed the tetanus toxin light chain, which cleaves multiple v-SNARE proteins required for regulated exocytosis. This essentially abolished the stimulated exocytosis of both synaptic vesicles and GLUT4. However, the inhibition of synaptic vesicle exocytosis will effectively eliminate the ATP depletion that presumably drives GLUT4 translocation, so the authors also use an alternative way to trigger the exocytosis of GLUT4 directly. In muscle, GLUT4 translocation depends on activation of the master energy regulator AMP kinase (AMPK), which senses an increase in the ratio of AMP (or ADP) to ATP. In neurons, pharmacologic activation of AMPK also induces GLUT4 translocation, but, importantly, without evoking synaptic vesicle exocytosis. However, tetanus toxin also blocks AMPK-activated GLUT4 exocytosis, indicating that at least similar v-SNARE proteins are involved in both synaptic vesicle and GLUT4 exocytosis. Seeking another factor that might distinguish between the two forms of exocytosis, the authors knocked down Munc13, a priming factor required for synaptic vesicle exocytosis. As expected since it abolishes the energy requirements of synaptic vesicle cycling, loss of Munc13 greatly reduces the exocytosis of GLUT4 triggered by activity. On the other hand, Munc13 knockdown does not have a significant effect on GLUT4 translocation triggered by the AMPK activator. This establishes the presence of a second recycling pathway at the nerve terminal that is linked to the synaptic vesicle cycle but distinct in mechanism and, by inference, the membranes involved.
It is nonetheless remarkable that GLUT4 translocation responds so rapidly to electrical stimulation. Ashrafi et al. (2017) mention a rate only twice as slow as synaptic vesicles, which involves the extremely tight coupling of exocytosis to Ca 2+ entry. It seems unlikely that significant ATP depletion would occur on this timescale, and indeed, the authors show that direct pharmacologic AMPK activation takes substantially longer. In addition, GLUT4 translocation in muscle occurs over many minutes (Lauritzen et al., 2010) . One possibility is that a fraction of the expressed GLUT4-pHluorin reporter mislocalizes to synaptic vesicles, accounting for the extremely rapid response, but with the remainder deriving from endosomal membranes that arrive somewhat later. Indeed, inhibition of AMPK reduces but does not eliminate the GLUT4 response to activity, and the initial rate seems unperturbed. It thus remains possible that the extreme rapidity of response reported here reflects mobilization of a small fraction of GLUT4-pHluorin misexpressed on synaptic vesicles. Alternatively, the presynaptic endosomes respond to more signals than simply AMPK. Regardless, the results show conclusively that the majority of GLUT4 derives from a compartment distinct from synaptic vesicles.
Finally, does the translocation of GLUT4 actually help to sustain presynaptic ATP levels and transmitter release? The authors first knocked down GLUT4 and found that this greatly impaired synaptic vesicle recycling, similar to the elimination of glucose uptake. Since some GLUT4 normally resides at the plasma membrane, however, this might reflect only a chronic reduction in glucose uptake rather than a defect in the response to stimulation as suggested by the translocation of GLUT4. To address a specific role for the translocation, Ashrafi et al. (2017) took advantage of the AMPK inhibitors, finding that a combination can slow synaptic vesicle recycling. The effect does not seem as dramatic as the elimination of external glucose or even the knockdown of GLUT4, but it does support a functional role specifically for GLUT4 translocation. Since these inhibitors may affect a range of cellular processes, it would in future work be interesting to determine how mutations in GLUT4 that block its translocation affect presynaptic ATP levels and synaptic vesicle recycling.
Taken together, this work makes two important points. First, the nerve terminal contains a novel pathway for membrane recycling. Second, this pathway has a clear physiological role in maintaining production of the ATP that fuels the synaptic vesicle cycle. To understand how the nerve terminal organizes these two recycling pathways, it will now be important to identify the mechanisms involved in trafficking of GLUT4. What machinery confers the regulated exocytosis of GLUT4, and what endocytic mechanisms target the transporter to endosomes? Finally, it seems unlikely that presynaptic endosomes serve only as a reservoir for the regulated translocation of GLUT4. What other membrane proteins are delivered along with GLUT4? And how many other cycles occur at the nerve terminal?
